Environmental concerns related to perfluoroctanoic acid (PFOA) led to a re-examination of the methods for imparting stain resistance and stain repellency to textiles. Non-PFOA fluoropolymer finishes have been formed on cotton knits by admicellar polymerization, a surface analogue of emulsion polymerization. Fabric samples were characterized by a drop test, contact angle measurements, SEM, elemental analysis and durability studies. Stain resistance and stain release properties were assessed by reflectance and AATCC tests with results comparing favorably with swatches from commercially available garments. Admicellar polymerization enabled the formation of durable finishes that exhibited high performance in stain resistance and stain repellency.
Introduction
In recent years, several technologies have been developed for modifying cotton blends and cotton as multi-functional textiles. Surface modification of cotton fabrics can impart wrinkle free finishes, self-cleaning properties, anti-microbial activity, UV protection, and flame retardancy [1, 2] . Self-cleaning features include stain release and stain repellent or resistant finishes [3] . The latter of these, acts to OPEN ACCESS block the uptake of the blemishing agent. Liquids like coffee, soda, oil and water, bead up on fabric when spilled and can be wiped off without staining the fabric. In contrast, a stain release fiber coating may allow oil and aqueous staining materials to penetrate the fabric and then, when the fabric is laundered, ideally enables the stain to be easily removed.
Fluorochemical coatings dominate the stain repellency textile apparel market. Out of all existing textile chemicals, only fluorochemicals have shown the unique property to provide fabrics a sufficiently low surface energy coating able to resist penetration of both oil and water-based stains (polar and non-polar liquids). Unfortunately, fabrics modified with fluorochemicals by conventional textile finishing methods often show poor performance with laundering or wear [4] .
Application of perfluorochemicals can be accomplished in a variety of ways, many of which impart hydrophobicity and/or oleophobicity to fabrics in addition to other desirable properties. Scientists at the German Textile Research Centre North West, for example, obtained a hydrophobic coating of perfluoro-4-methylpent-2-ene by photonic surface treatment with a pulsed UV-laser [1] . Similarly, pulsed plasma polymerization of monomers with long perfluoroalkyl chains by Badyal and co-workers yielded a hydrophobic thin film coating [5] . Superhydrophobic mats have been prepared with initiated chemical vapor deposition involving polymerization of perfluoroalkylethyl methacrylate [6] while Gleason and co-workers used initiated chemical vapor deposition to coat electrospun non-woven fabrics, also with superhydrophobic character [7] . In a very different approach, direct fluorination of twaron fiber with elemental fluorine not only changed the nature of the fiber surface, it also increased mechanical and thermal properties of a fiber composite [8] . Sol-gel methods have been successfully employed to impart oil/water repellency and anti-bacterial capability to cotton using fluorocarbon polymer/SiO 2 and silver nanoparticle-doped silica hybrid materials, respectively [9, 10] . Lastly, nanoparticles of fluorochemical coated silica and of gold have been applied to cotton and other fabrics to create a chemically inert fiber surface with superlyophobic properties [11] [12] [13] [14] [15] [16] . This broad range of approaches reflects the interest and challenges in this area.
Admicellar polymerization is an in situ polymerization reaction proceeding within surfactant aggregates formed at the interface between the substrate and a supernatant solution. The technique, a surface analogue of emulsion polymerization, has been used to form a variety of polymeric thin films on different solids such as polystyrene and poly methyl methacrylate over silica and alumina [17] [18] [19] [20] . Recently, admicellar polymerization has been expanded into the textile area with application of finishes to impart functionality like flame retardancy, blocking of UV radiation, and water repellency [21] [22] [23] . This method is a simple, water-based process using low energy and a small amount of chemicals. Since the thickness of the film formed is typically on the order of nanometers to tens of nanometers, the fabric surfaces retain softness and feel.
In this paper we examine the use of admicellar polymerization to prepare knit type cotton fabric with stain release/stain resistant features. The fluoropolymer finishes are characterized by standard and improvised test methods and compared to commercially available stain release/stain resistant fabrics for performance and durability.
Experimental Section

Materials
Interlock type knit cotton fabric was purchased from Alamac American Knits (Lumberton, North Carolina, USA). The fabric was scoured and then prior to use, rinsed several times in a washing machine until it was free from surfactant. Reference samples from a commercially available, off-the-shelf stain resistant knit shirt (designated Ref. 1) and from commercially available, off-the-shelf stain resistant woven slacks (Ref. 2) were purchased from local stores for comparison purposes. Short and long chain partially fluorinated alkyl acrylates were purchased from Synquest labs Inc. (USA) while fluorosurfactants were obtained from Mason Chemicals (USA). A water soluble persulfate initiator and an acrylamide bonding agent were purchased from Sigma Aldrich (USA). All chemicals were used without further purification.
Preparation of Samples, Admicellar Polymerization
Modification of interlock knit cotton swatches was carried out in 24 mL glass vials. Reaction media consisted of fluorsurfactants at the cmc and either a short chain or long chain fluoroalkyl acrylate ester fluoromonomer (5 mM) with the corresponding respective polyacrylates designated as PA1 and PA2. Concentrations of initiator (5 mM) and bonding agent (1 mmol/g) in DI water at pH 4 were added to vials. Swatches of washed cotton fabric weighing 2.0 g were added to the vials. The reaction was carried out at 80 °C in a shaker bath at 80 rpm with an adsolubilization period of 2 h and a polymerization time of 2 h before being rinsed and dried in an oven at 80 °C. Samples were repeatedly home laundered using detergent (Tide) in a laboratory washing machine at 30 °C for 20 min and dried in conventional tumble dryer at 60 °C for 45 min to test durability of treated fabric.
Characterization of Treated Fabric
Modified cotton knits and reference samples were characterized by wetting times, static contact angle determination, SEM, elemental analysis, stain resistance and stain recovery measurements.
Water Repellency Tests
Two test methods were employed for assessing water repellency. The first involved a simple drop test, with 20 µL water being deposited from a pipette at a height of 1 cm. Time for absorption of water (wetting time) on a fabric surface in the drop test was determined up to maximum of 30 min, at which point the sample passed. A second method was performed according to AATCC test method 22 (spray test). This method requires larger samples that were prepared by carrying out admicellar polymerization in a Werner Mathis Labomat Type BFA 16 beaker dyeing unit.
Contact Angle Analysis
Contact angle is a quantitative measure of the wetting of a solid by a liquid, which can evaluate the potential for water and stain repellency. We performed static contact angle measurements using an optical tensiometer (KSV T2000) and software supplied with the instrument. A 20 µL drop of distilled, deionized water of surface tension 72.75 mN/m was deposited on fabric by syringe from a height of 2 cm. Observations occurred over a 10 min period with replicates at five different sites on the fabric.
SEM Study
SEM images of modified and unmodified interlock swatches were taken using a JEOL JSM 880 after the samples were sputter coated with a thin layer of gold. Elemental analyses were carried out using ZEISS 960A SEM equipped with Oxford Link energy dispersive spectroscopy (EDS) with a thin window and using IXRF EDS 2008 software at beam energy of 5 keV. Elemental analyses provided an indication of fluorine content at the surface of the fibers.
Stain Recovery and Stain Resistance Tests
Stain tests were performed on untreated control and treated fabric samples and compared to results for the commercial reference samples. Standardized measurements followed AATCC test method 130, referred to as the oily stain release method, and AATCC test method 118, referred to as the oil repellency test. In AATCC test method 118, 50 µL drops of different grades of hydrocarbon oil specified in the protocol are applied to the fabric material and scored on a scale from 1 to 8. Higher values indicate the point at which ever lighter aliphatic oils penetrate the fabric in a period of 30 s or less and thus greater oil repellency. In AATCC test method 130, the fabric is placed on a blotting paper and 5 drops corn oil of 40 µL each are deposited in the center. A blotting paper is laid on top followed by a 5 lb weight for 60 s. The fabric is washed in the specified manner at 41 °C and evaluated according to the test protocol. To further assess stain resistance and recovery, we examined the effects of common staining materials like oil, mustard and ketchup by reflectance measurements of the fabric samples. Stain resistance measurements were performed after wiping with tissue paper while stain recovery evaluation was done after washing. Reflectance was determined by using an Ultrascan colorimeter (Hunter Lab) at a wavelength of 440 nm. Percentage of stain resistance and percentage of stain recovery were calculated using the formulas 2.3.5. Tensile Strength Measurement Dumbbell-shaped samples were punched out (using dumbbell shaped die cutter, ASTM D638) from fabric. Tensile strength measurements were performed at room temperature using computerized model testing machine (SSTM tester from United Testing Systems) at a speed of 0.5 in/min according to ASTM D1708. Four measurements for each sample were done. 
Results and Discussion
Appearance of Thin Film
SEM images and elemental analysis of the fabric samples before and after admicellar polymerization were obtained. Figure 1(a,b) shows fibers in the untreated cotton fabric samples, the surface of fibers is smooth with striations evident in places. It is devoid of polymer aggregates and any other agglomerations over the surface. Figure 2(c,d) shows fibers in the treated cotton fabric with PA2. In this case, striations are also not visible and fluoropolymer coating can be seen on the surface of fibers. With the longer chain fluorocarbon of PA2, the coating appears to be more evenly spread as a uniform layer. It is evident in both cases that the coatings are thin. 
The EDS spectrum of an untreated control sample (Figure 3a) does not exhibit a significant fluorine peak with the resulting elemental analysis for carbon, nitrogen, oxygen and fluorine indicating a fluorine content of only 0.33 atomic%. Carbon and oxygen, the main constituents of the cellulose substrate, give strong peaks. In treated fabrics (Figure 3(b,c) ), distinct peaks are observed for fluorine along with those for carbon and oxygen. Fluorine content in PA1 was 6.89% while in PA2 was 10.53%, consistent with the longer fluorocarbon chains of the latter. The levels of carbon and oxygen observed reflect contributions from penetration of the electron beam through the film and/or regions where the fiber surface was not covered. Figure 4 shows stress-strain relationships of untreated fabric and treated fabric with two formulations PA1 and PA2. UIF1 and UIF2 are results of untreated interlock fabric in two orthogonal directions indicating anisotropic behavior. The Young's moduli of treated fabrics PA1 and PA2 correspond to the higher modulus of the untreated interlock knit, regardless of direction. Greater stiffness of PA1 and PA2 suggest the adhesion between fibers due to formation of polymer bridges between fibers. Between PA1 and PA2, Young's modulus does not differ greatly but PA1 is somewhat stiffer than PA2. These trends mirror observations previously reported for plain and modified pique fabric [21] . Although the Young's modulus increases, these fabrics retain soft feel after modification. 
Mechanical Characterization
Water Repellency Tests
Evaluation of fabric hydrophobicity is difficult to assess by any one method. The drop test enables a quick and easy determination, while multiple methods of testing help us to know performance and quality of the material more precisely. To ascertain the water-repellency characteristics of the fabric, the resistance of the fabric to surface penetration by a spray and resistance to surface wetting should be measured. Tests have to be carried out in combination with each other in order to obtain a complete understanding of performance. Samples were assessed for performance using drop test, spray test and contact angle measurement.
Interlock cotton knit modified with polyacrylates PA1 and PA2 displayed drop test results greater than 30 min. In fact, superhydrophobic character was found with contact angles of 150° for PA1 and 160° for PA2. Figure 5 shows static contact angle results for the various fabric samples, all of which displayed strong hydrophobic character. With a contact angle near 160°, PA2 had the highest value observed. The remaining fabric samples have contact angles around 150° or less. Contact angles in this range result from a combination of chemical composition and surface microstructure. The microstructure includes fibers within the cotton yarns and possibly texture on the surface of the fibers due to the presence of the fluoropolymer. The SEM and EDS data suggest that the higher fluorocarbon content explains why PA2 exhibits a higher contact angle than PA1. Samples were repeatedly home laundered with washing and drying steps to gauge durability characteristics. Results for the drop test with number of laundering cycles appear in Figure 6 . Treated fabric with PA1 passes with as many as 20 washes while PA2 can hold its treatment up to 30 home launderings. As shown above, PA2 has greater fluorine content and, as such, would be expected to have lower solubility which might explain its ability to endure more home launderings. In the spray test (AATCC 22), repellency of fabric is assessed in a dynamic system by comparison to wetting patterns on a standard chart. Measurements of spray test rating were made after a series of home laundering which were discontinued once the fabric failed the drop test. From Figure 7 , the interlock commercial sample (Ref. 1) is seen to exhibit a decrease in performance with each home laundering down to a rating of 60 when the drop test result was less than 30 min. The woven material (Ref.
2) performed well with a rating of 100 up to 15 home launderings where it decreased to a rating of 90. Performance of PA1 was comparable to the woven fabric. Notably, PA2 showed substantially greater durability. Trends observed among the different fabric samples by the spray test were consistent with those of the drop test. 
Oil Repellency
Oil test results performed according to AATCC test method 118 are reported in Figure 8 . Treated fabric with PA1 did not show any oil repellency. In contrast, application of PA2 by admicellar polymerization yielded an initial oil repellency of grade 7. This value dropped to grade 5 after half a dozen home launderings and then remained at grade 5 after many cycles. In fact, it was in these oil repellency tests where the effects of the longer chain fluoroalkyl moiety in polyacrylate PA2 were most evident in its effect on oil repellency. Both off-the-shelf reference samples were rated initially at grade 5. However, interlock sample Ref. 
Stain Recovery and Stain Resistance
The main advantage of a stain resistant and stain recovery finish for fabric is that, when a spill occurs, it can be cleaned easily. Removal of stains during low temperature home launderings is often recommended. Assessment of performance under such conditions can be done according to standard tests, such as AATCC test 130. Results for stain release (Table 1) roughly followed the oil repellency findings except the woven commercial fabric received a lower rating than the commercial interlock fabric. At a grade of 4.5, sample PA2 received the highest rating of the group and PA1 the poorest at 1. Fabrics were stained with oil, mustard and ketchup in additional tests. On the basis of the oil repellency and oil release results, sample PA1 was excluded from further testing. After wiping the stain with a tissue paper, stains remained visibly attached to untreated cotton, but, for treated fabric with PA2, all the stains were wiped away. To quantify this, we measured the reflectance of the fabric after wiping the stains for oil, mustard and ketchup. Figure 9 shows the stain resistance performance of treated cotton with PA2 and untreated cotton. PA2 exposed to oil showed stain resistance of 100% indicating oil can be wiped off immediately. When stains were dropped on untreated cotton, stains penetrated and contributed to lower reflectance. For treated cotton, the various agents did not penetrate and could be wiped off easily so reflectance retuned nearly to 100%.
Staining tests were also performed on the commercial reference samples and compared with PA2. Figure 10 presents reflectance measurements of stain resistance for treated and reference samples after exposure to oil, mustard and ketchup. All fabrics performed well in resisting blemishes by oil. Overall, PA2 performed comparably to the woven commercial material and outperformed the commercial knit.
The commercial interlock type fabric (Ref. 1) showed poor performance compared to the fabric modified by admicellar polymerization with only about 75% of stain resistance with mustard and about 80% with ketchup. It is a significant finding that the coated cotton knit could function at a level comparable to a fabric with a tighter weave. Similar experiments for stain recovery of the fabric were carried out by doing one home laundering and then assessing the level of stain recovery using reflectance measurements. Results for stain recovery are presented in Figure 11 . All materials perform well in removal of oil by washing. Otherwise, stain recovery of PA2 was substantially better than the reference samples. 
Conclusion
Application of fluorocarbon finishes by admicellar polymerization can yield durable cotton fabrics with excellent stain resistance and stain recovery properties. Performance of these fabrics, prepared in a laboratory, compare well to that of commercial production materials examined.
